Background: Proteins in inclusion bodies (IBs) present native-like secondary structures. However, chaotropic agents at denaturing concentrations, which are widely used for IB solubilization and subsequent refolding, unfold these secondary structures. Removal of the chaotropes frequently causes reaggregation and poor recovery of bioactive proteins. High hydrostatic pressure (HHP) and alkaline pH are two conditions that, in the presence of low level of chaotropes, have been described as non-denaturing solubilization agents. In the present study we evaluated the strategy of combination of HHP and alkaline pH on the solubilization of IB using as a model an antigenic form of the zika virus (ZIKV) non-structural 1 (NS1) protein.
Background
Inclusion bodies (IBs) are composed of both active and inactive polypeptides. Polypeptides in IBs exhibit both properly folded domains, which account for the native-like structure and misfolded stretches, which are responsible for non-native intermolecular β-sheet organization that supports the IB architecture [1, 2] . The IBs produced by transformed bacteria can thus present a certain percentage of proteins with native-like structure and even biological activity [3] . The classical recovery of biologically active proteins from IBs involves refolding by solubilization of protein aggregates under denaturing conditions. However, significant reaggregation often occurs once the concentration of the denaturant agent goes below a critical level [4] . A method for reducing reaggregation is the use of a solubilization process that avoids complete denaturation and exposure of the hydrophobic patches, which can be achieved using mild conditions without generation of unfolded domains As an example of these mild conditions is the utilization of HHP at up to 3 kbar that solubilizes IBs by diminishing hydrophobic and electrostatic interactions and does not induce loss of secondary structure [5, 6] . There are some reports about the use of HHP (1-3 kbar) for dissociation of IBs and protein refolding. However, chaotropic reagents are frequently added to improve the efficacy of solubilization, although at lower concentrations than those used in conventional refolding protocols [7] [8] [9] [10] [11] .
Alkaline pH can solubilize aggregated proteins by electrostatic repulsion, a condition that is less denaturing than high levels of chaotropic reagents [12] . High pH has also been described as a mild technique to solubilize IBs with efficient subsequent refolding. Also, in this case the presence of a denaturing agent at low concentrations (2 M urea) is required for efficient refolding [13] [14] [15] . The concomitant use of physical and chemical treatments, i.e., high hydrostatic pressures and alkaline pH, is described in the present study for the solubilization and subsequent refolding of protein aggregates.
ZIKV is a single-stranded RNA virus of the Flaviviridae family [16] . ZIKV genome is composed of 2 non-coding regions (5 'and 3') flanking a region encoding a polyprotein that is cleaved into three structural proteins and 7 non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) [17] . The NS1 proteins of flavivirus present a molecular mass of 46 to 55 kDa depending on the degree of glycosylation and six intramolecular disulfide bonds [18, 19] . The secondary structure consists of 21 β-sheets and two α-helices and the protein has three distinct domains: a N-terminal β-roll, an epitope-rich wing domain and a C-terminal β-ladder [20] . Flavivirus NS1 are proteins that associate with cell membrane lipids forming homodimers exposed in the membrane of the host cells. Recombinant NS1 produced by mammalian or insect cells are dimers that are converted to monomers by heating but not by SDS treatment [20] [21] [22] . Three dimeric NS subunits form soluble hexamers held together by weak hydrophobic interactions, a form that is readily dissociated into dimeric subunits in the presence of SDS [21, 23] . Flavivirus NS1, expressed by recombinant E. coli, appears however mainly as a monomer in SDS-PAGE [24] [25] [26] [27] [28] [29] , even without heating [24, 27] .
NS1 is one of the most used markers for the detection of acute or convalescent infection by flaviviruses [22, 30] . This protein is used as an antigen in serological tests and has also interesting features for use in subunit vaccines [31] . Thus, production of a ZIKV NS1 with preserved structural and antigenic features may find different biotechnological applications.
In the present study, we applied HHP and alkaline pH for solubilization of NS1-IBs without chaotrope addition, allowing the efficient refolding of the ZIKV NS1 protein with preserved antigenic properties.
Results

Solubilization of NS1-IB
The first step in establishing an efficient protein refolding protocol is the efficient solubilization of protein aggregates. To determine whether the association of HHP and guanidine hydrochloride (GndHCl) promote efficient solubilization of ZIKV NS1-IBs, suspensions were submitted to 2.4 kbar for 90 min and to 0.4 kbar for 14 h 30 min (2.4 kbar/0.4 kbar). We used this protocol since we have previously demonstrated that incubation at 2.4 kbar is sufficient for solubilization of aggregates, and incubation at lower pressure levels (0.35-0.7 kbar) is useful since refolding can occur and reaggregation is still impaired [10, 32] . As a control, the suspensions were maintained at atmospheric pressure (1 bar) for 16 h (Fig. 1a) . The decrease in light scattering (LS) values at 320 nm, which indicates aggregate solubilization, was more evident for NS1-IB suspensions subjected to high pressure than those kept at 1 bar. The association of HHP with 1 M GdnHCl (at pH 8.5) enabled solubilization of ZIKV NS1-IB, as shown by the decay of more than 90% in LS values. To determine if association of alkaline pH and HHP was also capable to solubilize the NS1-IBs, suspensions were subjected to HHP or at 1 bar at a pH within the range of 7.0 to 12.0. As shown in Fig. 1b , LS decay was evident in suspensions incubated at HHP and at a pH of 10.0 and higher and the decay in LS values was lower for suspensions incubated at 1 bar. Recombinant ZIKV NS1 presents a molecular mass of 44,735 Da. The presence of NS1 band cannot be detected in the supernatants of the suspensions in the SDS-PAGE (Fig. 1c) , indicating that dissociation of NS1-IBs at atmospheric pressure was not efficient. The presence of NS1 was observed, however, in the supernatant of the samples subjected to HHP at pH values 10 to 12 (Fig. 1d) .
Considering the use of Arg in the refolding process of other proteins [18, 24, 33] , we also tested this amino acid for the solubilization of ZIKV NS1. Protein solubilization at pH 10.5 was efficient even in the absence of Arg (Fig. 1e) , as expected. However, the presence of this amino acid, even at a lowest concentration (0.1 M), further aided the solubilization of NS1-IBs subjected to high pressure (Fig. 1e) .
Analysis of solubilized NS1
Tryptophan (Trp) is an intrinsic fluorescence sensor of protein conformational changes [34] . The ZIKV NS1 contains 14 Trp residues [35] . An intrinsic fluorescence peak with maximum intensity (λ maximum) at a wavelength of approximately 344 nm was described for DENV NS1 in its native conformation, while a wavelength shift to 355 nm was observed for chemical-induced denatured DENV NS1 [24] . To determine the degree of unfolding of ZIKV NS1 generated by treatments to solubilize the IBs, the shifts in the intrinsic fluorescence peaks were monitored. A λ maximum of 342.2 nm was observed for the suspension of NS1-IBs at a pH of 7.0 at 1 bar and a shift of 12.8 nm (to 354.0 nm) was observed when the IBs were denatured by the presence of 6 M GdnHCl (Fig. 2a) . The shifts in λ maximum observed for the NS1-IB subjected to HHP in the presence of GdnHCl were more pronounced than the shifts obtained for the samples subjected to compression at alkaline pH ( Fig. 2b and c) . It is noteworthy that NS1 that was subjected to HHP in the presence of 2 M GdnHCl present a displacement of the λ maximum of 11.4 nm (to 353.6 nm), indicating a high degree of unfolding, while the shift of the samples subjected to HHP at a pH of 11.0 was only 2.3 nm (to 344.5 nm) relative to the untreated suspension (Fig. 2c) . A displacement of 5.8 nm (to 348 nm) was obtained for the λ maximum of NS1-IBs subjected to pressure at a pH of 10.5 in the presence of 0.4 M Arg (Fig. 2d) . These results indicate that NS1 solubilization at alkaline pH is accompanied only by partial unfolding.
The analysis of the NS1 protein solubilized at alkaline pH and HHP was also performed by size exclusion chromatography (SEC). The chromatograms of Fig. 3 show the presence of peaks with retention volumes of approximately 8.4 mL, the column exclusion volume, which are probably soluble oligomers of NS1. The peaks presenting retention volumes of approximately 11.5 mL (86.5 kDa according to the linear regression equation obtained for SEC column calibration) are likely dimers, and the peaks The LS measurements were carried out in a spectrofluorimeter with an excitation of 320 nm; the emission was determined between 315 and 325 nm, and the areas of the peaks were used for plotting. The LS value obtained for the suspension at a pH of 8.0 read immediately at 1 bar was considered to be 100%. For SDS-PAGE samples were boiled and reduced. The results are representative of experiments performed three times that exhibit elution volumes of approximately 12.8 mL (52.6 kDa according to the linear regression equation) probably corresponding to ZIKV NS1 monomers. The peaks of NS1 solubilized at pH 10.0 in the absence of Arg have lower absorbance intensity than the samples treated with higher pH, suggesting that NS1 solubilization was not complete. Application of HHP to the IBs at pH from 11.0 to 12.5 solubilized the aggregates mainly into dimers and monomers. The presence of Arg contributed to the dissociation of NS1 oligomers. At higher pH, the volume of elution of NS1 monomers was slightly lower. The displacement was most evident at pH 12.0 and 12.5. Our explanation for this phenomenon is that the unfolding of the NS1 protein is higher at a more alkaline pH with increased volume of the protein. Thus, further solubilization attempts were carried out at pH lower than 12.0.
Refolding of NS1
NS1-IB suspensions subjected to HHP under the conditions shown in Figs. 1 and 2 were centrifuged, dialyzed to a lower pH (8.5) , and the insoluble aggregates were removed by centrifugation. More than 6-fold higher levels of NS1 were observed for the samples subjected to HHP and alkaline pH than for the samples subjected to compression in the presence of GdnHCl, indicating lower degree of reaggregation after dialysis (Fig. 4) . This result is possibly related to the lower degree of unfolding of these samples.
The supernatant of NS1-IBs subjected to HHP at pH 11.5 and dialysis to a pH of 8.5 was analysed by SEC. To our surprise, the protein eluted as a peak in a volume of 8.1 mL, which corresponds to the void volume of the column and a molecular mass of more than 500 kDa (Fig. 5 ). This result indicates that dimers/monomers of NS1 self-associated to form soluble oligomers upon dialysis to lower pH. ZIKV NS1 refolded at atmospheric pressure using an established protocol for DENV NS1 [27] was also observed mainly as oligomers in SEC (data not shown). Flavivirus NS1 are dimers that present a hydrophobic surface responsible for membrane association. The hydrophobic surface of ZIKV NS1 dimer is elongated in relation to the hydrophobic surface of West Nile virus NS1 [35] . Therefore, the property of ZIKV NS1 of forming oligomers can possibly be associated with its highly hybrophobic character.
To determine the yield of refolded NS1 after dialysis to pH 8.5, supernatants of the suspensions subjected to HHP were compared to the same volume of the original NS1 IB suspension in SDS-PAGE. Bands with similar intensity were obtained for soluble NS1 and the protein in the NS1-IBs (Fig. 6a) . The NS1 solubilized at HHP and a pH of 11.0 and 11.5 has a yield between 76 and 89% of the protein present in the NS1-IBs. The NS1 obtained was not purified, but it is 90-95% pure, as determined by the analysis of the image shown in the Fig. 6a . This high purity is due to the extensive washing of the NS1-IBs to eliminate soluble bacterial contaminants. The presence of the redox pair reduced (GSH) and oxidized (GSSG) glutathiones, which is frequently used to improve the formation of disulfide bonds in refolding protocols [36] or of the reducing reagent dithiothreitol (DTT) was also analyzed in relation to the refolding at pH 11 in the presence of Arg (Fig. 6a) , with similar yields.
The recovery yield of refolded NS1 from IBs subjected to HHP either at pH 11.0 or 11.5 in the presence of 0.4 M arg reached up to 68 mg NS1/ per liter of bacterial culture. Such recovery yield is 27.2-fold higher than the yield (2.5 mg/L) obtained by refolding of NS1-IBs at atmospheric pressure using the protocol established for DENV NS1 refolding [27] . Circular dichroism spectrum (far-UV) of NS1 solubilized at pH 11.0 in the presence of Arg and refolded by dialysis indicates that the protein is recovered with its native conformation (Fig. 6b) . Percentages of secondary structure components of NS1 protein were obtained by fitting the experimental CD spectrum. A total content of 14.6 ± 3.5% α-helices and 34.2 ± 2.3 β-sheets was obtained, which is in accordance with the 14% α-helices and 30% β-sheets present in ZIKV NS1 (PDB 5GS6).
Reactivity of ZIKV-positive human serum against refolded NS1
To determine the antigenicity of solubilized NS1, we performed ELISA tests with this antigen and serum samples from ZIKV-positive patients. The samples refolded at HHP presented high antibody titres with ZIKV-positive sera and low reactivity with sera from non-infected subjects. The titres were similar to those achieved with NS1 refolded with the established protocol carried out at atmospheric pressure (Fig. 7a) . The presence of DTT (2 mM) during compression was shown to induce little enhancement of NS1 refolding yield (Fig. 6) , but led to a decay of the NS1 antigenicity and the presence of glutathione pair did not significantly improve the antigenicity of the NS1. Higher titres of ZIKV-positive antibodies were obtained for refolded NS1 (black lines in Fig.  7b ) than those obtained with the same protein that had been denatured by heating (gray lines in Fig. 7b ), which suggests that the refolded protein preserves conformational epitopes.
Discussion
The present study describes a solubilization method, based on HHP and alkaline pH, in which, at rather mild solubilization conditions, the ZIKV NS1 was recovered from IBs expressed in bacterial cells at high recovery yields and preserved immunological features. The combination of alkaline pH, that prompt the disruption of polar interactions induced by electrostatic repulsion [37] and HHP, that induce rupture of intermolecular hydrophobic interactions [5] , proved to be quite efficient and led to the solubilization of insoluble aggregates with a low degree of protein unfolding. The process resulted in 6-fold higher yields of soluble protein than the achieved by association of HHP with GdnHCl. The final yield of refolded ZIKV NS1 was approximately 30-fold higher than a previously reported standard refolding method for DENV NS1 [27] . The refolding process of ZIKV NS1 using HHP and alkaline pH involves only two steps that, altogether, take less than 24 h. The refolding process was accomplished with the protein at a relatively high concentration (above 0.4 mg/mL) with final yields of approximately 70 mg/liter of bacterial culture. There was no need for dilution of the protein to avoid reaggregation and, consequently, no need for further protein concentration steps, usually required in protein refolding processes at atmospheric pressure. The refolded protein did not require further purification steps since it was recovered in a rather good purity (from 90 to 95%), which further contributes for reduced final costs and labor effort of the process. obtained at HHP and pH 11.0 was submitted to denaturation (heating at 100°C for 10 min followed by heat shock at 0°C) or not and analyzed by ELISA for reactivity with a serum from a patient previously infected with ZIKV. The values obtained are expressed as mean ± error of the absorbance obtained in the assay. * p < 0.05; ** p < 0.01; *** p < 0.001 (Two-way ANOVA with Bonferroni test). The IB compression was performed in 2.4 kbar / 0.4 kbar. Control: NS1 obtained from the same clone used in this study and refolded using traditional protocol at atmospheric pressure ZIKV NS1 refolding has not been previously described. The refolding of the DENV NS1 required the use of 8 M urea for IB solubilization [24, 25, 27, 29] . Notably, the reported recovery yields were lower than the values achieved in the present study with ZIKV NS1-IBs (from 75 to 90%). The higher yields previously reported by Das et al. [25] were 60% and by Allonso et al. [24] that obtained a yield of 67% immunologically active NS1 from DENV NS1-IBs. In addition, all these processes are more time-consuming and laborious than the one described in this study.
The reactivity of human anti-ZIKV antibodies with purified ZIKV NS1 was comparable with the one obtained with the protein obtained using a protocol of IB solubilization with 8 M urea followed by metal affinity chromatography purification and refolding by further dilution [27] . Sera from ZIKV-infected subjects showed similar reactions with proteins obtained by the two methods. These results indicate that proteins obtained by the use of HHP in association with alkaline pH can be successfully applied in the generation of recombinant proteins for immunodiagnostic assays and vaccine development.
Methods
Expression of recombinant proteins, bacterial lysis and NS1-IB washes
For the expression of the ZIKV NS1 protein, the plasmid pETNS1ZIKV containing the sequence of the ZIKV NS1 (residues 797-1148) protein (access genbank: ALU33341.1) in the vector pET28a was designed and obtained commercially from GenScript (USA). This plasmid contains the gene that codifies for the full-length protein with 395 residues and two histidine tags at the N-and C-terminal residues. Escherichia coli, strain BL21 (DE3) (Novagen EMD Biosciences, Inc.), was used as host. The bacterial cultures for protein expression were grown in LB medium and expression induction was performed by addition of 0.5 mM IPTG when cultures reached an optical density (at 600 nm) of 0.5, as described [27] . Activated cultures (1 l) were centrifuged at 8000 x g for 10 min at 4°C. The precipitated pellet was resuspended in 50 mL of buffer A1 (0.1 M Tris-HCl pH 8.5 + 5 mM EDTA). Lysozyme (50 μg / mL) was then added to the suspension and incubated at room temperature for 15 min. Sodium deoxycholate was then added to reach a concentration of 0.1%. Bacterial lysis was performed by sonicating the suspension on ice to avoid heating until the solution lost viscosity and was then centrifuged at 4000 x g for 10 min at 4°C. The supernatant was discarded. The pellet was resuspended in 50 mL of buffer A2 (0.1 M Tris-HCl pH 8.5 containing 5 mM EDTA and 0.1% sodium deoxycholate), and the suspension was sonicated rapidly to disrupt the lumps. The suspension was centrifuged at 8000 x g for 10 min at 4°C, and NS1-IBs was washed again. The suspension was washed once with 0.1 M Tris HCl buffer at pH 8.5 containing 1 mM EDTA and resuspended in 10-20 mL of the same buffer. The absorbance was read on a spectrophotometer at 350 nm, and the suspensions were separated into 1 mL aliquots that were kept in a freezer (− 20°C) until time of use.
High hydrostatic pressure
The optical density of the suspension of NS1-IBs was determined by spectrophotometer at 350 nm and diluted in the appropriate buffer containing 1 mM EDTA to optical density of 1.0, 2.0 or 5.0, which corresponds to approximately 0.08, 0.16 and 0.4 mg NS1/mL, respectively. The buffers used were 50 mM Tris HCl for pH 7.0 to 9.0 and 50 mM CAPS for pH 10.0 to 12.0. Arg generates an alkaline character (pH 11.1) in aqueous solution. Therefore, buffers were prepared by adding Arg to Tris HCl and titulated to the adequate pH. The suspensions of IBs were maintained at 1 bar for 16 h or plastic bags were filled with the samples and further sealed and included inside a larger plastic bag that was vacuum sealed and placed in the pressure vessel (R4-6-40, High Pressure Equipment). The vessel was pressurized at 2.4 kbar using suitable high-pressure pump (PS-50, High Pressure Equipment) using oil as a transmission fluid and was incubated in this condition for 90 min. The decompression was performed slowly until 0.4 kbar or to 1 bar. After decompression, the samples were centrifuged at 11,000 x g for 15 min to remove insoluble aggregates and dialyzed against 50 mM Tris HCl buffer at a pH of 8.5 to lower the pH and for removal of additives. The solution was centrifuged again and stored at − 20°C for further analysis.
Fluorescence and light scattering (LS)
Fluorescence and LS measurements were performed on a Cary Eclipse (Varian) spectrofluorimeter. Data were collected using 1 cm optical path cuvettes, and the measures were performed at a 90°angle relative to the incident light using a 1 s response time and reading speed of 240 nm/minute. LS measurements were performed with excitation at 320 nm, and scattering was collected from 315 to 325 nm. The intrinsic fluorescence emission of tryptophan (Trp) was collected between 300 and 400 nm, with excitation at 290 nm. LS curves were produced by increasing concentrations of GndHCl (0 to 3 M) or Arg (0 to 0.6 M) or increasing the pH (7 to 12).
Polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE was performed using 12% gel containing SDS and stained with Coomassie Blue G-250 [38] . The IB suspensions were heated at 95°C for 5 min in sample buffer (50 mM Tris-HCl pH 8.5 and 0.01% bromophenol). For protein analysis in the reducing condition, the sample buffer also contained 100 mM dithiothreitol (DTT). Determination of the intensity of the bands of NS1 was performed by the analysis of the image using the ImageJ program.
Size exclusion chromatography (SEC) analysis
Analysis of NS1 samples of ZIKV was performed on a Superdex 200 10/300 (GE Healthcare) SEC coupled to an AKTA (GE Healthcare) system. The buffer used for elution was Tris 50 mM at a pH of 8.5 or CAPS 50 mM at a pH of 11.0. Ovalbumin monomer (44.3 kDa), dimer (88.6 kDa) and bovine serum albumin monomer (66.4 kDa) were used to calibrate the column Superdex 200 10/300 (Additional file 1: Figure S1 ). We obtained a linear regression line of Y = − 0.03838 X + 14.82 (N = 3, r 2 = 0.9989), where Y is the elution volume and X is the molecular mass.
Circular dichroism (CD)
Circular dichroism measurements were carried out with a Jasco J-720 spectropolarimeter. Spectra were recorded in 0.2 cm path length quartz cells at a protein concentration of 2 μM in 10 mM phosphate buffer at pH 8.5. Three consecutive scans from 260 to 190 nm were performed. The observed raw ellipticities were converted into the molar ellipticities (θ). The secondary structure was estimated from fitted far-UV spectra using the DichroWeb server [39] . The total percentage of secondary structure components was obtained using different analysis programs (SELCON3, Contin-LL and CDSSTR) with different protein reference sets [40] . The results shown are the mean ± SD.
Enzyme-linked immunosorbent assay (ELISA)
ELISAs were performed in 96-well plates. For plaque sensitization, 100 μL of NS1 diluted to 2 ng/μL in phosphate saline buffer (PBS) was applied to each well in duplicate. Plates were incubated at 4°C for 16 to 18 h and washed in wash buffer (PBS containing 0.05% Tween-20). A volume of 200 μL of blocking buffer (PBS containing 0.05% Tween 20, 3% milk and 1% BSA) was added and incubated at 37°C for 2 h. The blocking buffer was then discarded. Serum from patients positive or negative for ZIKV antibodies were diluted (PBS containing 0.05% Tween 20, 3% milk and 0.25% BSA) from 1: 200 to 1: 12,800, and 100 μL were added to each well and incubated at room temperature for 1 h. The wells were washed 3 times with 300 μL of wash buffer and 100 μL of peroxidase-conjugated goat anti-human IgG antibody (A0170, Sigma Aldrich) diluted 3000-fold in dilution buffer were added to each well. The plates were incubated at room temperature for 1 h. The plates were then washed 3 more times in wash buffer. The reaction was performed by the addition of the substrate, 0.04% of 1,2-diaminobenzene 1,2-phenylenediamine (OPD) and 0.04% hydrogen peroxide in 100 μL of 33 mM citrate-phosphate buffer at a pH of 5.5 to each well and incubated in the dark for 15 min at room temperature. The reaction was blocked by the addition of 50 μL of 1 M sulfuric acid. The plates were read in a spectrophotometer at 492 nm.
Additional files
Additional file 1: Figure S1 . Data used for calibration of SEC column. 
